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Schizophrenia is a common mental disorder that affects brain functions with unknown etiology, with a lifetime prevalence of 1% (Owen et al., 2016) . The main clinical manifestations include positive symptoms, negative symptoms, and cognitive impairment (Owen et al., 2016) . Positive symptoms, the main clinical manifestations of first-episode schizophrenia (FES) (Insel, 2010) , are usually the main reason patients present to clinician (McCutcheon et al., 2019) and one important indicator for predicting relapse (Patel et al., 2014) and have been suggested to be involved in impairment of predicting the sensory consequences of self-generated action and misattributing them from real external events (Shergill et al., 2005) . Neuroimaging studies have shown that patients with schizophrenia exhibit functional abnormalities in multiple brain regions (Goghari et al., 2010; Gong et al., 2016) , and accumulating evidence supports a leading hypothesis that schizophrenia is a widespread functional dysconnection disorder (Friston et al., 2016; Stephan et al., 2006) . However, the underlying neuropathological mechanism is still unclear.
Functional connectivity (FC), which reflects the temporal correlation of activity across brain regions, has been used to investigate the dysfunctional connectivity of brain regions in schizophrenia (Biswal et al., 1995) . Because the amygdala plays a significant role in social information processing, particularly in associating emotive salience to sensorial stimuli, through connections with multiple brain regions such as the prefrontal cortex, motor, and sensory regions (LeDoux, 2012) , studies have often used the amygdala as a seed region of interest (ROI) to analyze amygdalar FC and its correlation with psychotic symptoms. For instance, the diffusion-weighted MRI study has shown that a direct anatomical connection between the amygdala and motor cortex plays an important role in the context-appropriate behavior expression of individuals in response to environmental cues in healthy individuals (Grèzes et al., 2014) . FC study has demonstrated an abnormal association between the limbic and motor system in schizophrenia (Jalbrzikowski et al., 2019; Stegmayer et al., 2018) . Specifically, the dysconnection between the limbic and motor cortex has been demonstrated to be correlated with the social behavioral symptoms in patients with schizophrenia and may contribute to the pathophysiology and symptomatology of schizophrenia (Berman et al., 2016; Stegmayer et al., 2018) . In addition, studies of people with autism spectrum disorders (ASD) revealed hyper-connectivity between the amygdala and motor area in ASD, suggesting that a disruption of the amygdala-motor network may contribute to impairments in social perception and understanding (Fishman et al., 2018; Gotts et al., 2012) . These findings suggest that abnormal FC between the amygdala and sensorimotor cortex might be associated with the corresponding symptoms in these patients with neurodevelopmental disorders, and the dysconnectivity in the amygdala-motor pathway related to impairment in social cognition may underlie the specific psychiatric symptoms in schizophrenia.
The amygdala is an extensively connected structure in the limbic system and can be divided into the centromedial (CMA), basolateral (BLA), and superficial amygdala (SFA) (Amunts et al., 2005) .
The CMA, which includes the central and medial nuclei, is critical in the expression of emotional responses by receiving inputs from BLA via projections to autonomic and motor centers in the brainstem (Sah et al., 2003) . The BLA, including the lateral, basolateral, basomedial, and basoventral nuclei, receives sensorimotor information and plays a core role in the perception and regulation of emotional stimuli via its connection with subcortical circuits (Pessoa and Adolphs, 2010) . The complex connections further confirm the core role of the BLA in associative learning, such as threat processing (Adhikari et al., 2015) . The SFA associates with the olfactory cortex and is involved in processing socially relevant information and modulating approach-avoidant behavior (Sah et al., 2003) .
The roles of the amygdala nuclei and the three subregions have been investigated intensively in animal models, and the findings suggest a strong correlation between the activity of the amygdala subregions and social emotion expression. Different patterns of FC across amygdala subregions have been reported in patients with other neuropsychiatric disorders (Brown et al., 2014; Qin et al., 2014; Rausch et al., 2016) . However, only one study has compared amygdala subregional connectivity between healthy people and patients with schizophrenia (Liu et al., 2014) , Liu et al (2014) selected three amygdala subregions (BLA, SFA, CMA) as regions-of-interest (ROIs) and defined the prefrontal cortex (PFC) as mask, then directly compared their rsFC with the PFC mask between the two groups. Yet, it remains unknown whether whole-brain amygdala subregional connectivity differs between the two groups and no studies have examined the correlation between amygdala subregional dysfunction and clinical symptoms in patients with FES.
The current study aimed to examine the integrity of each sub-amygdalar network in FES. We hypothesized that patients with FES have abnormal FC in the subregional amygdala networks compared with healthy controls (HC), and dysfunctional connectivity of amygdala subregions is correlated with positive symptoms in patients with FES. Accordingly, the present study directly compared FC of amygdala subregions between HC and patients with FES using resting-state functional MRI (fMRI) and examined the correlation between FC of amygdala subregions and clinical symptoms in patients with FES.
Materials and methods

Participants
Patients were recruited at the outpatient clinics and from inpatients of Chongqing Three Gorges Central Hospital, and HC were recruited using local advertisements in the same community in China from 2013 to 2015. This study initially enrolled 81 Chinese Han patients with FES and 48 HC.
Three FES patients and one control were excluded due to head motion (mean framewise displacement > 0.2mm) in the image preprocessing. Finally, 78 patients and 47 age-, sex-, and education-matched controls were included in this study.
Patients were diagnosed using the Tenth Revision of the International Statistical Classification of Diseases and Related Health Problems diagnostic criteria for schizophrenia (Saxena and Saraceno, 1993) , and all patients had FES. The inclusion criteria were as follows: 1) age between 16-45 years;
2) right-handedness; 3) less than 2 years of illness; and 4) consumption of antipsychotic drugs for less than 2 weeks. Medication use was missing in 3 patients. The daily chlorpromazine equivalent dosages were shown in Table 1 . The exclusion criteria for patients were as follows: 1) contraindications for fMRI; 2) neurological hard signs (history of severe head trauma, epilepsy, or loss of consciousness); 3) history of major medical illness; 4) drug abuse; 5) mental retardation caused by organic brain disease. The inclusion criteria for HC were: 1) were older than age 16 years and younger than age 45 years; 2) were right-handed; 3) no history of medical or neurological conditions 4) no history of psychiatric disorders. Exclusion criteria for the healthy control subjects were: 1) a family history of psychiatric disorders in a first degree relative; 2) current pregnancy; 3) any fMRI contraindications. 4) an Intelligence Quotient (IQ) < 70. All participants provided written informed consent after a full explanation of the study and were paid for their time.
Assessment
The Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987) was used to assess clinical symptoms of patients by two trained psychiatrists. The Wechsler Adult Intelligence Scale-Fourth Edition (Wechsler, 2008) was used to assess IQ. The medication dosages (chlorpromazine equivalents) were calculated for each patient (Woods, 2003) .
Image acquisition and preprocessing
Imaging was performed on a 3-Tesla SIEMENS MRI scanner at Chongqing Three Gorges Central Hospital. Foam pads and earplugs were used to reduce head motion and scanner noise, respectively.
All participants were instructed to keep their eyes closed, relax, and not to fall asleep during scanning. The resting-state functional images were obtained with the following scanning parameters: 3) registration of individual T1 images to functional images; 4) regressing out the nuisance signals related to head motion (using the Friston-24 approach) and the signals related to the white matter and cerebrospinal fluid signals; 5) spatial normalization (resampled at 3 mm × 3 mm × 3 mm voxels); 6) spatial smoothing with a 4 mm full-width at half-maximum using a Gaussian kernel; 7) linear detrending; and 8) band-pass filtering (0.01-0.08 Hz). The global signal was not regressed out because its removal can introduce artifactual negative correlations (Nalci et al., 2017) and distort results when studying a clinical population (Hahamy et al., 2014) in resting-state FC (rsFC) analysis.
To reduce the effect of motion, we applied the Friston-24 model (Friston et al., 1996) to compute individual-level head motion and calculated framewise displacement (FD) for each participant based on the method proposed by Jenkinson et al. and Yan et al. (Jenkinson et al., 2002; Yan et al., 2013) .
The exclusion criterion of excessive head motion was a mean frame displacement of > 0.2 mm for all participants (Jenkinson et al., 2002) . The mean FD was controlled as a covariate of no interest in the group-level statistical analyses. The mean FD did not differ between the HC and FES groups (P = 0.08).
Definition of amygdala subregions
Three amygdala subregions of interest (ROIs) for the rsFC analyses were defined in each hemisphere based on stereotaxic probabilistic maps of cytoarchitectonic boundaries using the Juelich histological atlas implemented in FSL (Amunts et al., 2005) , as suggested by several previous studies (Etkin et al., 2009; Liu et al., 2014) . Accordingly, the human amygdala was divided into three ROIs, i.e., the BLA, CMA, and SFA. The BLA is composed of the lateral nucleus, the basolateral nucleus, the medial nucleus, and the paralaminar nucleus; the CMA includes the medial and central nuclei; and the SFA includes the anterior amygdaloid area, the transition zone of the amygdala piriform cortex, the amygdala-hippocampus area, and the ventral and posterior cortical nucleus ( Supplementary Fig. 1 ). Only voxels with at least a 50% probability of belonging to each subregion were included in an ROI. Each voxel was assigned to only one subregion.
Functional connectivity analysis
After the three ROIs had been normalized into the Montreal Neurological Institute space, we analyzed each rsFC. Briefly, Pearson's correlation coefficients between the time series of each ROI and time series of each voxel in the whole brain were computed based on voxel-based analysis, and a Fisher r-to-Z transform was then calculated to convert the correlation coefficients to z-values to improve the normality on an individual level.
Group-level functional connectivity analyses were conducted using DPABI. All analyses were Finally, brain regions with significant between-group rsFC differences were selected as ROIs. To investigate the relationship between the rsFC and symptoms, we extracted rsFC values of these ROIs by REST (http://www.restfmri.net) and calculated Pearson correlation coefficients between the rsFC z-values of brain regions with significant between-group differences and clinical symptoms in FES patients using SPSS 20.0. Follow-up analyses were done to explore the nature of relationships between amygdala subregional networks and symptom domains in PANSS. The statistical level of significance was set at P < 0.05. The PANSS total score and the three components of PANSS, including positive, negative, and general psychopathology symptoms, were used for the correlation analysis.
Results
Demographic and clinical characteristics of participants
Demographical and clinical characteristics of HC and FES patients are presented in Table 1 . No significant differences in age, education, or sex (all ps > 0.5) were found between HC and FES patients. In addition, no significant differences in mean frame-wise displacement were observed between the two groups (p > 0.08). However, significant differences in IQ (p < 0.00) were found between the two groups ( Table 1) .
Within-Group differences in rsFC of subregions
Positive rsFC of amygdala subregions was observed using the nominally significant threshold (p < 0.05) within the two groups. Patients showed similar patterns of rsFC between most of the amygdala subregions and other regions (Supplementary Fig. 2) . Data are presented as numbers or mean ± SD. Abbreviations: PANSS = Positive and Negative Syndrome Scale; P = positive symptom; N = negative symptom; G = general psychopathology symptom; IQ = Intelligence Quotient; FD = framewise displacement; CPZ= chlorpromazine.
Between-group differences in rsFC of subregions
rsFC analyses of the CMA
Significantly increased positive rsFC between the right CMA and the right postcentral gyrus was found in the FES group compared with the HC group ( Fig. 1A and Table 2 ). 
rsFC analyses of the BLA
Significantly decreased positive rsFC between the right BLA and the left precentral gyrus was observed in the FES group compared with the HC group ( Fig. 1B and Table 2 ).
Correlation analysis
The rsFC z-values of brain regions showing significant differences between the two groups were used for correlation analyses with the clinical symptoms. the clinical measures are observed in the FES group. Higher positive symptom scores were associated with decreased positive connectivity between the right BLA and left precentral gyrus (r = -0.258, p = 0.022). ( Fig. 2A) .
To further investigate the nature of significant relationships between BLA Connectivity and positive symptom, we tested correlations between right BLA-left precentral gyrus connectivity that are significantly correlated with PANSS positive symptom scores and the global rating for each of the positive symptom domains from the PANSS. Connectivity between the right BLA and left precentral gyrus was negatively correlated with conceptual disorganization symptoms (PANSS-P2) (r = -0.336, p = 0.003) (Fig. 2B) . 
Discussion
The FES-related changes in the spontaneous brain activity were examined by assessing the FC of three amygdala subregions using resting-state fMRI. To our knowledge, this is the first study to systematically investigate rsFC changes of the amygdala subregions in patients with FES. We also investigated the relationship between the rsFC of amygdala subregions and positive symptoms. Our results demonstrated widespread disruptions of rsFC of amygdala subregions with regions of the motor cortex, including the left precentral gyrus and the right postcentral gyrus, at the early stage of schizophrenia. Moreover, the decreased BLA-precentral gyrus connectivity was negatively correlated with total positive symptoms in patients with FES patients and specifically with the positive symptom domains of conceptual disorganization.
This study found that patients with FES exhibited decreased rsFC between the BLA and precentral gyrus. The precentral gyrus has been demonstrated to be positively correlated with the BLA in HC (Roy et al., 2009) , and our findings support this speculation. The precentral gyrus, a key region of the mirror neuron system, has been shown to play an important role in social cognition, including facial emotion expressing (Jáni and Kašpárek, 2018) . As a sensory-motor cortical region of the amygdala-sensorimotor pathway, the precentral gyrus is involved in emotion processing (Schürmann et al., 2011) . Functional and structural connections between the amygdala and precentral gyrus, particularly between the BLA and precentral gyrus, have been demonstrated in previous studies (Roy et al., 2009; Sripanidkulchai et al., 1984) . Anatomically, the motor networks, including the precentral gyrus, can receive social-emotional stimuli inputs from the amygdala, specifically the BLA (Grèzes et al., 2014) . Previous DTI studies (Grèzes et al., 2014; Rizzo et al., 2018) have confirmed that the amygdala and motor-related areas including precentral gyrus are connected via direct structural tracts traveling in the external capsule. Studies in patients with first episode schizophrenia have also reported FA reductions in the external capsule (Lee et al., 2013; Lyu et al., 2015) . These suggests that disconnection between the BLA and precentral gyrus may exit due to the white matter deficits in the external capsule at the early stage of schizophrenia. In additional, distributed volume reduction in the precentral gyrus has been reported to be associated with deficits in sensory integration, which can lead to abnormal self-experience, such as conceptual disorganization (Dazzan et al., 2004) . Dysfunction in motor networks involving the precentral gyrus has also been demonstrated to be associated with positive symptoms in schizophrenia (Berman et al., 2016; Bernard et al., 2017; Zhao et al., 2019) . The disconnection of the limbic-motor network in schizophrenia may underlie the symptomatology and pathophysiology of schizophrenia (Berman et al., 2016) . Together, these findings suggest that the BLA may modulate the activation of the precentral gyrus by inputting social stimuli, and the decreased BLA-precentral network may induce misconnection in social emotion information received by the precentral gyrus in schizophrenia, thus leading to impairments of motor and social function. For example, when processing socialemotional information, abnormal connections between the BLA and sensorimotor processing cortex may lead to deficits in predicting the consequences of actions or misunderstanding of others'
behavior (Shergill et al., 2005) , resulting in positive symptoms in schizophrenia (Bernard et al., 2017) . Further, white matter deficits in the external capsule was also reported in first-degree relatives of patients with schizophrenia (Lyu et al., 2015) . In additional, recent fMRI study on motorrelated networks also suggested that abnormal activation of sensory-motor cortex, especially motor cortex, also exits in people at clinical high-risk (CHR) of schizophrenia. And the abnormal activation in motor cortex was correlated with symptom severity in CHR individuals (Bernard et al., 2018) . All these suggest that decreased connection between BLA and precentral gyrus may prior to the onset of psychosis during the clinical high risk period. However, it is unclear whether the decreased BLA-precentral network is a cause or an influencing factor based on our data alone. If the BLA-precentral network impairment would occur before the onset of schizophrenia, the assessment of BLA-precentral network might indeed provide a useful early biomarker to study the prevention and treatment in high-risk individuals before they develop schizophrenia.
To our knowledge, this is the first study to demonstrate that the dysfunctional connectivity of the BLA with the precentral gyrus is related to the severity of positive symptoms in schizophrenia.
Decreased rsFC of the BLA with the precentral gyrus in our findings may provide new insights into the limbic-motor network underlying positive symptoms in schizophrenia.
In addition, we detected increased FC between the right CMA and the right postcentral gyrus in patients with FES. The postcentral gyrus, located in the somatosensory cortex, plays an important role in somatosensory processing, especially in the sensory-discrimination of external stimuli (Nelson and Chen, 2008) . As the output station of the amygdala, the CMA can modulate and produce the corresponding physiological and behavioral responses after receiving the stimulus information (Roy et al., 2009) . Evidence from animal studies has indicated that somatosensory areas can receive direct inputs from the pontine parabrachial (pPB) and are thought to send somatosensory information related to nociceptive information through the pPB-CMA pathway to the CMA (Bernard et al., 1993; Sah et al., 2003) . Robust abnormalities in the postcentral gyrus have been demonstrated in schizophrenia in a meta-analytic study (Xiao et al., 2017) , and postcentral gyrus dysfunction has been found to be correlated with clinical symptoms in FES (Zhao et al., 2019) . The conjoint activation of the postcentral gyrus and amygdala has also been demonstrated to contribute to the rapid modulation of external stimuli, thereby promoting the production of adaptive behavioral responses (Grèzes et al., 2014) . Numerous studies have shown that people with schizophrenia have sensory predictive dysfunction involving discrimination of their actions more than external stimuli, which is thought to underlie positive symptoms (Shergill et al., 2005 (Shergill et al., , 2014 . Together, the increased CMA-precentral gyrus connectivity in our study may represent a function compensation in the dysfunctional sensory predictive processing in FES. However, the strength of positive connectivity between the two regions was not significantly strong in the two groups, and individual variation of functional connectivity strength in samples may give a possible explanation.
In this study, we did not observe significantly decreased rsFC between the amygdala subregions and PFC region in schizophrenia when compared to the HC, which has been reported by Liu et al (2014) .
Differences in connectivity patterns between studies may be related to differences in methodology of fMRI data processing, medication, and the course of disorder. Future studies are necessary to examine the dynamic relationship of amygdala subregions-PFC functional connectivity and individual differences in schizophrenia across wide course ranges, to explore whether the dysconnectivity of the amygdala subregions with PFC region in schizophrenia is a state-dependent phenomenon.
Conclusion
Resting-state fMRI was used to observe the rsFC of three amygdala subregions in patients with FES.
We found that patients with FES had abnormal patterns of amygdala subregion-based functional networks compared with HC, suggesting a dysconnectivity of functional amygdala networks in schizophrenia. The decreased BLA-precentral gyrus network was negatively associated with the severity of positive symptoms in patients with FES, indicating that disruptive amygdala-motor networks may be associated with positive symptoms in patients with FES. This study suggests that disruptions in the amygdala subregion-based functional networks may be a neuropathological mechanism underlying the symptomatology of schizophrenia. Our findings provide some insights into the understanding of the neural mechanisms associated with positive symptoms in schizophrenia.
Limitations
Some limitations of the present study should be noted. First, the sample size was relatively small due to difficulties in recruiting patients with FES; therefore, further studies with a large sample size are needed to validate the present findings. Second, the cross-sectional comparison in the study prevented the observation of the dynamic rsFC patterns of the amygdala subregions in patients with schizophrenia. We found a significant correlation between rsFC of the amygdala subregions and positive symptoms; however, the relationship between them could not be determined. Therefore, further studies with a longitudinal design are needed to examine the changes in amygdala subregional rsFC and explore their effects on positive symptoms in schizophrenia. Third, the specific illness duration was not clear in patients; thus, duration effects on the results cannot be excluded. Therefore, whether changes in rsFC of the amygdala subregions are related to illness duration remains to be investigated. Fourth, the resolution of defining amygdala subregions is limited by the resolution of the functional images in this study. Our study would benefit from high functional image resolution by supporting more precisely defined amygdala subregions in the future.
Acquisition with high spatial resolution can alleviate the effect of localization errors and distortions.
Thus, a comparably high resolution fMRI combined with probabilistic anatomical maps may help to imagine amygdala subregions and to confirm our findings of functional connections between the amygdala subregions and sensorimotor regions in the future. 193-207. 
